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Abstract
In this work, the optical properties and acoustic phonon behaviour of several Bi2Sr2CaCu2O8+δ
(Bi-2212) superconducting crystals were investigated. Reflectance imaging on Bi-2212
crystals was first performed and along with Kramers-Kronig analysis, allowed for the
extraction of the refractive index, extinction coefficient and both parts of the complex
dielectric function. With these measured reflectances, a newly refined optical contrast
method was presented and used in an attempt to obtain a secondary estimate of the
refractive index and extinction coefficient of these crystals. Brillouin light scattering
experiments were performed on Bi-2212 crystals at room temperature where six dif-
ferent acoustic modes were observed; the Rayleigh surface mode, two quasi-transverse
bulk modes, the quasi-longitudinal bulk mode and two currently unknown modes. Us-
ing the peak frequency shifts and widths of the quasi-transverse and surface modes,
the refractive index and extinction coefficient were extracted and used to calculate
both parts of the complex dielectric function which were then compared to results
found by reflectance analysis. The refractive index was then used to calculate the
velocities of the three bulk modes and two unknown modes for angles ranging from
approximately 3◦ to 21◦ from the [001] direction.
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Chapter 1
Introduction
1.1 Introduction to Superconductivity & Cuprates
To date, the mechanisms which give rise to high temperature superconductivity are
some of the hardest questions still unanswered in physics. Since its discovery in the
early 1900’s, superconductivity has remained a highly studied field due to the potential
applications in electronics and information storage and processing. For a material to
be considered a superconductor, it must possess the following traits [6]. Firstly, there
must be a state at which the electrical resistance goes to zero once reaching a critical
temperature, Tc. Second, the superconductor must exhibit the Meissner effect, where
magnetic field lines from the bulk are expelled when placed in a magnetic field.
Materials which exhibit the properties listed above are separated into two different
types. Type I superconductors, sometimes referred to as elemental superconductors,
are a class of materials known for their extremely low critical temperatures. Many
of these metals exhibit temperatures on the millikelvin scale, such as titanium with
Tc = 0.39 K [6]. Conversely, Type II superconductors consist of compounds which ex-
hibit these superconducting properties that are much more complex in nature. These
superconductors are known for being extremely difficult to study and as a consequence,
much still remains unknown about their properties. Unlike Type I superconductors
which only exhibit a superconducting phase below a critical magnetic field, Type II
superconductors experience additional mixing of normal and superconducting states
to a higher critical magnetic field. This is demonstrated in Fig 1.1, where a simplified
2Figure 1.1: Schematic of the resulting phase diagram for (a) Type I and (b) Type II
superconductors, where B is the magnetic field, Bc and B
′
c are critical magnetic fields
and Tc is the critical temperature.
phase diagram of both Type I and II superconductors is shown in Fig 1.1(a) and Fig
1.1(b), respectively. It is noted that in Fig 1.1(b), the superconducting state is cutoff
at the same critical field Bc as in Fig 1.1(a), but additional mixing occurs above this
threshold to a higher critical field B′c and in turn, causes an increase in the critical
temperature [6]. Type II superconductors have a Tc which exceeds the boiling point
of liquid nitrogen (77 K) and for this reason are commonly referred to as high-Tc
superconductors.
Within the group of high-Tc superconductors lies a sub-field of materials known
as cuprates. Cuprates have highly anisotropic properties (e.g., electronic, elastic) and
are layered compounds which are known for their unit cell containing at least one
conducting CuO2 plane, where the majority of electron movement happens parallel
to the surface. These CuO2 planes are separated from surrounding ones by a metallic
atom and their presence is believed to be an important factor for the existence of
superconducting states in cuprates as the resulting Tc has been found to be directly
proportional to the number of CuO2 planes found in the unit cell [26]. Cuprates are
highly appealing for superconductivity studies due to their layered nature. These
materials are effectively two dimensional superconducting planes contained in a three
dimensional crystal which has made them highly sought after materials for two di-
mensional studies [38].
It is widely known that growing high quality cuprate crystals is exceptionally
3difficult. These crystals are extremely brittle, highly influenced by their growth envi-
ronment and in some cases are unstable when exposed to atmospheric conditions and
for these reasons, synthesizing high quality crystals is notoriously difficult. Moreover,
cuprate crystals experience severe grain boundary effects which act as impurities and
ultimately impede many of the exotic states one is interested in when studying these
materials [38].
1.2 Cuprate Phase Diagram
The critical temperature of a superconducting material is highly dependent on the
level of doping. Doping is the act of deliberately introducing defects into the crystal
which can be defined either as structural or chemical defects [38]. Doping causes a
change in electronic density of states at the Fermi level, either introducing or remov-
ing possible electron states, resulting in either an underdoped or overdoped system,
respectively. Structural defects are atoms introduced to the lattice which occupy ei-
ther normally vacant lattice sites or interstitial sites where no atoms typically exist.
Conversely, chemical defects refer to atoms being swapped from their original lattice
sites. In the case of cuprates, these crystals are typically doped with oxygen. Fab-
ricating a doped cuprate however is extremely nontrivial, as oxygen atoms are not
uniformly spread out and will occupy any site which is accessible in the lattice [7].
This non-uniformity can result in major instabilities through the crystal and adds to
the complexity of growing and reproducing cuprate crystals with a specific Tc.
Fig 1.2 presents a typical phase diagram for a cuprate where the doping parameter
x indicates the level of oxygen doping per copper atom. Optimal doping occurs
where the Tc is largest and in the case of cuprates is typically ∼ 90 K (x = 0.17).
Moreover, the superconducting state exists for 0.05 < x < 0.27 and outside of these
bounds the crystal exhibits an antiferromagnetic insulating phase when underdoped
or a metallic phase when overdoped, complying to Fermi-liquid theory [17]. Above
the superconducting dome resides two additional phases. The first is the pseudogap
region, which is characteristic phase of a high temperature superconductor. The
second is the strange metal phase, which is not fully described by Fermi-liquid theory
[17].
4Figure 1.2: Phase diagram for a typical cuprate, where AFI corresponds to the anti-
ferromagnetic insulating phase and x is the oxygen doping per copper atom.
1.3 Bi2Sr2Can−1CunO2n+4+δ
Bi2Sr2Can−1CunO2n+4+δ, commonly referred to as BSCCO, is one of the most rec-
ognized cuprates and was the first high temperature superconductor discovered with
no presence of rare earth elements [2]. BSCCO has three common crystal structures;
Bi-2201, 2212 and 2223, which correspond to n = 1, 2, 3 in the chemical formula,
respectively. In theory, BSCCO is one of the easiest cuprates to study as its strong
bonding ensures the oxygen contained within the crystal is stable at room tempera-
ture [26]. Experimental studies, however report highly inconsistent results for bulk
optical and mechanical properties.
Each of these three structures are layered crystals, however, several notable dif-
ferences do exist. Bi-2201 and Bi-2223 are commonly doped with metals such as
5lanthanum and lead. In the case of Bi-2223, these metal substitutions allow for the
crystal to be more stable in atmospheric conditions for experimental analysis. Previ-
ous studies have been conducted on Bi-2212 doped with metals [11, 28, 35, 31, 44],
however with an already highly stable crystal in atmospheric conditions, this is rarely
done. Moreover, for this reason, along with its ease of growth compared to other
BSCCO structures, Bi-2212 is the most studied structure to date. In this thesis, the
Bi-2212 structure is studied and any mention of BSCCO assumes this structure unless
otherwise stated.
Bi-2212 has a pseudo-tetragonal crystal structure which is shown in Fig 1.3, where
a ≈ b = 0.542 nm and c = 3.09 nm [9]. The unit cell is comprised of two semicon-
ducting BiO planes, two insulating SrO planes and two charge carrying CuO2 planes
separated by a Ca+ ion [26]. Bi-2212 is described as micaeous as its appearance is
similar to that of mica and it also cleaves easily perpendicular the c-axis [38]. Each
layer is separated by a BiO plane, where these planes are weakly bonded by Van der
Waal forces. The presence of these weak bonds make Bi-2212 an ideal candidate for
two-dimensional analysis as obtaining monolayer thick samples has been achieved by
mechanical exfoliation techniques [43].
1.4 Previous Studies on Elastic Properties of Bi-
2212
1.4.1 Brillouin Light Scattering
To date, three Brillouin light scattering experiments have been performed on BSCCO,
with only the 2212 structure studied at room temperature [22, 27, 41]. Temperature
dependent studies have not yet been performed using Brillouin light scattering as
obtaining a reasonable signal has been a challenge due to poor sample quality.
The first reported spectra of Bi-2212 were presented by Baumgart et al. [27],
where single crystals were investigated at 300 K. Due to poor quality crystals, only
two modes were observed. The longitudinal surface resonance mode (LR) was seen
at ∼ 16 GHz and Rayleigh surface (R) modes at ∼ 5 GHz. The resulting velocities
were found to be vLR = 4650± 300 m/s and vR = 1525± 150 m/s, respectively, in an
6Bi 
O 
Ca 
Sr 
Cu 
a 
b 
c 
Figure 1.3: Unit cell for Bi-2212.
7unspecified direction on the (001) plane.
A study published by Aleksandrov et al. [41] was centered on how different melt
parameters in the crystal growing process affect the resulting surface wave velocity for
single crystal Bi-2212. Here, stoichiometric ratios for bismuth, strontium, calcium and
copper were varied between samples as was the cooling rate. The critical temperature
of each of the three samples was measured and ranged between 10 K and 88 K.
Brillouin light scattering was performed on the (001) plane of each sample, where the
average surface wave velocity was found to be 1560 m/s and 1310 m/s for the [100]
and [010] directions, respectively.
The most recent study on Bi-2212 using Brillouin light scattering was conducted
by Boekholt et al. in 1991 [22]. Bi-2212 single crystal samples were grown using
the self-flux method with Tc ranging between 78 K and 92 K and were probed at
various directions on multiple crystallographic planes. With angles ranging between
0◦ − 75◦ away from the [110] direction on the (001) plane, four modes were observed;
the Rayleigh surface, longitudinal resonance and two bulk transverse modes, with the
Rayleigh surface and longitudinal resonance velocities determined to be 1540±66 m/s
and 4386 ± 184 m/s, respectively. Angles ranging between 0◦ − 75◦ away from the
[110], [100] and [010] directions were also probed on the (001) plane and no change
was seen in both the Rayleigh and longitudinal resonance velocities.
The [001] and [100] directions were also probed on the (010) plane. In the first
case, only the Rayleigh, longitudinal resonance and one bulk transverse mode were
observed. The Rayleigh and longitudinal resonance sound velocities were calculated
to be 1508 ± 76 m/s and 3413 ± 212 m/s, respectively. In the second case, all four
modes were seen again and the Rayleigh and longituidnal resonance velocities were
determined to be 1396± 97 m/s and 4380± 194 m/s, respectively.
By assuming the longitudinal resonance velocity is approximately equal to the
longitudinal velocity, the five independent elastic constants for Bi-2212 were calculated
assuming hexagonal symmetry with cylindrical symmetry along the c-axis. With these
assumptions, and using peak frequency shifts obtained by Brillouin light scattering,
the elastic constants were found to be c11 = 125 ± 10 GPa, c33 = 76 ± 9 GPa,
c12 = 79± 7 GPa, c13 = 56± 6 GPa and c44 = 16± 1 GPa. With the Rayleigh surface
velocity calculated, its associated elastic constant was determined to be cR = 15.4
GPa.
81.4.2 Ultrasonic Measurements
Several ultrasonic studies have been published on Bi-2212 with a focus on either
measuring the acoustic velocities or studying the temperature dependence on elastic
behaviour [3, 5, 15, 16, 20, 24, 44, 45, 46]. Further ultrasonic experiments had been
performed on Bi-1113 [11], Bi-2223 [44], and Bi(Pb)-2212 [28, 31, 35], however the
following discussion is restricted to Bi-2212.
Ultrasonic measurements were conducted on single crystal Bi-2212 samples with
Tc = 84.5 K by Wang et al. [45, 46]. Longitudinal sound waves were propagated along
both the [100] and [010] directions as the sample was cooled from 280 K to ∼ 8 K
and then heated back up to its initial temperature of 280 K. For longitudinal waves
propagating along [100], it was determined that the longitudinal velocity at room
temperature was ∼ 4580 m/s before cooling and after reheating to 280 K. A thermal
hysteresis was observed between 250 K − 280 K and was attributed to a displacive
first order phase transition. Discontinuities were also observed in the velocity vs
temperature curves at 90 K and 150 K which were labelled as anomalous phase-
like transitions. With longitudinal waves propagating along [010], a slight difference
was observed in the thermal hysteresis, with monotonic behaviour upon cooling and
heating. Initially, the longitudinal velocity at room temperature was measured to be
∼ 4130 m/s and once cooled and reheated, decreased to∼ 4100 m/s. Shear waves were
also measured which were propagated along the [010]. The velocity was measured to
be ∼ 2460 m/s at 280 K and while cooling, three anomalous discontinuities appeared
at 250 K, 150 K and 90 K in the velocity vs temperature curves.
Ultrasonic studies were also performed by Wu et al. [15, 16] on flux grown Bi-
2212 single crystals to study how elasticity varies with temperature. Longitudinal
sound velocities were measured along the [100], [010] and [110] directions and were
found to be 4320 m/s, 4097 m/s and 4647 m/s, respectively, at 250 K. With shear
waves propagated along the [010] direction, the velocity was also measured and found
to be 2762 m/s at 250 K. Measured velocities were used to determine the elastic
constants assuming an orthorhombic crystal structure and were found to be c11 = 123
GPa, c12 = 67 GPa, c22 = 111 GPa and c66 = 50 GPa at 250 K. Additionally, the
in plane shear mode elastic constant (c′) as well as the longitudinal elastic constant
for waves propagating along the [110] direction (cL) were measured to be 25 GPa
and 143 GPa, respectively. For c11 and c22, stiffening was observed as temperature
9was decreased and three minima were present at 100 K, 140 K and 240 K in the
velocity vs temperature curves for c66. These minima were also observed in c
′ and
were attributed to structural instabilities caused by geometric misfit layers which
repeatedly stack upon one another. Similar structural phenomena has been seen in
other high temperature superconductors above Tc such as YBa2Cu3O7−x (YBCO)
[14], however the origin of these anomalies remains unknown.
Further ultrasonic studies of the temperature dependence of the elastic properties
on single crystal Bi-2212 were carried out by Saint-Paul et al. [24], where shear
and longitudinal waves along were propagated along the [001] direction to study the
effects of temperature change on c44 and cL. The resulting longitudinal velocity was
measured to be ∼ 5000 m/s and similar discontinuities as reported previously [15, 16],
were observed at 110 K, 190 K and 250 K in c44.
Similar anomalous discontinuities were also observed in temperature dependent
velocity curves by He et al. [44], where an unknown transition was measured at 200
K in single crystal Bi-2212 crystals. Using ultrasonic techniques, the longitudinal and
transverse velocities were measured at room temperature to be 2846 m/s and 1735
m/s, respectively. Moreover, the longitudinal, shear, bulk and Young’s moduli at
room temperature were found to be 43.4 GPa, 16.1 GPa, 21.9 GPa, and 38.8 GPa,
respectively.
Polycrystalline ceramic Bi-2212 samples with Tc = 74 K were investigated by Sihan
et al. [20] using ultrasonic techniques. Samples were cooled to ∼ 10 K and heated
back up to ∼ 300 K where a thermal hysteresis was again observed. The longitudinal
sound velocity was initially measured to be 2847 m/s at room temperature and after
reheating had increased slightly to 2855 m/s. From the propagated shear waves, the
shear sound velocity was measured to be ∼ 1740 m/s at room temperature before and
after cooling. To take into account the porosity in ceramic Bi-2212 samples, velocities
were corrected by theoretical modelling which yielded 3110 m/s and 1900 m/s for
the longitudinal and shear sound velocities, respectively. Temperature dependence of
Poisson’s ratio as well as the bulk, Young’s and shear moduli was also investigated,
where anomalies at ∼ 200 K and ∼ 80 K were observed in both Young’s and shear
moduli.
Dense, polycrystalline samples were also studied by Chu et al. [3], where Bi-2212
powders were formed into bulk samples by hot isostatic pressing and sinter forging
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techniques. It was noted that samples created by hot isostatic pressing were found to
be 100% dense while those created by sinter forging were 90− 95% dense. Ultrasonic
measurements were carried out with longitudinal and transverse waves propagated in
unspecified directions. For samples prepared by hot isostatic pressing, the longitudinal
and one transverse velocity were measured to be 2464 m/s and 1710 m/s, respectively.
In a separate, unspecified direction, the longitudinal and two transverse velocities were
measured as 3986 m/s, 1699m/s, and 2422 m/s, respectively. Similarly, for samples
prepared by sinter forging, the longitudinal and one transverse mode were measured
to be 3330 m/s and 1968 m/s, respectively, in one direction, while the longitudinal
and two transverse modes in another direction were found to be 4024 m/s, 1956 m/s,
and 2311 m/s, respectively.
Most recently, focus on acoustics and elastic behavior of Bi-2212 was performed
by Chang et al. [5], where dense, highly textured ceramics produced by sinter forging
were probed by propagating longitudinal and shear waves at 290 K. In an unspecified
direction, the longitudinal and shear sound velocities were measured to be 2670± 10
m/s and 1750± 10 m/s, respectively. Along another unspecified direction, one longi-
tudinal mode and two shear modes were observed with sound velocities measured as
4370±10 m/s, 2460±10 m/s and 1740±10 m/s, respectively. From these longitudinal
velocities, the elastic stiffness within the (001) layers was assumed to be much larger
than the stiffness between the layers. Temperature dependence was also investigated,
where velocities were found to be monotonic and no anomalous behavior or hysteresis
was observed upon heating or cooling.
1.5 Literature on the Optical Properties of Bi-2212
To obtain the bulk acoustic phonon velocities from Brillouin light scattering spectra,
one needs the refractive index of the material being investigated. In the case of Bi-
2212 crystals, much remains unknown regarding its optical properties, particularly in
the visible light region.
Experimental reflectance and ellipsometric data was obtained on Bi-2212 single
crystals by Bozovic [1] to study acoustic plasmons. Spectra were collected from 0 ∼
44, 000 cm−1 where Kramers-Kronig transformations were applied to resulting spectra
to obtain both real and imaginary parts of the complex dielectric function as well as
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the real part of the optical conductivity. It was noted that any optical constants
calculated by this method should be treated as estimates, especially for cuprates as
they appear non Drude-like [25]. Because of this, a correction was performed on
both parts of the complex dielectric function where changes were reported to range
between 15 ∼ 30% in YBCO, another high-temperature cuprate. Furthermore, it was
speculated that with cuprates agreeing with the layered electron gas model over the
Drude model, it is likely there exists multiple acoustic plasmon branches.
A separate study performed by Sandilands et al. [19] focused on collecting re-
flectance and transmittance spectra on Bi-2212 crystals to investigate any changes
due to sample thickness. Sample thicknesses ranged from bulk thickness down to 12
nm and transmittance and reflectance spectra were collected up to ∼ 5, 000 cm−1. It
was seen that the transmittance ratio between sample and substrate increased with
decreasing thickness while the reflectance ratio decreased with decreasing thickness.
Over this frequency range, the real parts of dielectric function and optical conductiv-
ity were obtained, where Drude-like behaviour was observed only in Bi-2212 samples
with thicknesses less than 123 nm. Moreover, in samples < 16 nm in thickness, the
real part of the optical conductivity was found to be flat and the real part of the
dielectric function was positive over the entire frequency range; behaviour indicative
of the samples being fully insulating.
Reflectance measurements were also conducted on Bi-2212 crystals by Hwang et
al. [12], where mulitple samples with a Tc ranging from 60 K − 96 K were studied to
determine the doping and temperature dependence on various optical properties, in-
cluding the optical conductivity. Reflectance spectra were collected on the (110) plane
of samples with a frequency ranging from 0 − 5, 000 cm−1, where both temperature
and doping were shown to have a noticeable impact on resulting spectra, particularly
for overdoped samples. After Kramers-Kronig transformations, the optical conductiv-
ity was shown as a function of frequency, where significant temperature and doping
dependence was seen only for frequencies < 3, 000 cm−1. Moreover, the amplitude
of the optical conductivity was also inspected, where there was little temperature or
doping dependence observed in frequencies > 1, 000 cm−1.
The reflectance along both a and b axes of Bi-2212 crystals was explored by Qui-
jada et al. [21]. Reflectance measurements at room temperature were collected from
Bi-2212 crystals with a frequency range up to 30, 000 cm−1. The resulting reflectance
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function appeared the same for both axes below 10, 000 cm−1, however above this
frequency the reflectance began to deviate between the two axes with increasing fre-
quency. By Kramers-Kronig transformation, the optical conductivity was obtained as
a function of frequency and the resulting conductivity in both axes was found to be
the same below 25, 000 cm−1.
An experimental and theoretical approach was taken by Kobayashi et al. [13] to
study the birefringence and optical properties of Bi-2212 crystals. A high-accuracy
universal polarimeter (HAUP) was used to explore the dependence of gyration, lin-
ear dichroism, retardation and birefringence on temperature. With the temperature
decreased from 300 K to < 10 K, there was no change seen in either the extinction
coefficient birefringence or linear dichroism, however below Tc, a decrease in both re-
tardation and refractive index birefringence was seen. Conversely, the g33 component
of the gyration tensor and ellipticity were seen to sharply increase below Tc. It is
noted that these findings do not coincide with those obtained previously by either
Kramers-Kronig transformation or reflectance measurements. It was suggested that
this disagreement was a direct result of neglecting the structural phase transitions seen
above Tc in velocity versus temperature curves obtained by ultrasonic measurements
[15, 16, 24, 45, 46].
1.6 Motivation & Present Work
It is well known that bulk high-temperature superconductors are dominated by electron-
electron coupling, however it is unclear if and how this coupling changes as sample
thickness is decreased. Moreover, with minimal work published on the acoustic phonon
behavior on bulk Bi-2212 crystals, there is yet to be a baseline established on what
to expect for these bulk materials as well as other closely related materials (such as
YBCO).
In this work, the optical and elastic properties of three bulk Bi-2212 samples with
critical temperatures of 78 K, 90 K and 91 K were studied. With large advancements
made in crystal growing since publication of the latest acoustic study almost thirty
years ago, this work aimed to both supplement and complement existing elastic data.
To determine the bulk acoustic phonon velocities from Brillouin spectra, the re-
fractive index of Bi-2212 was first needed. With no reliable literature containing this
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information, reflectance imaging on each of the three samples was performed and
through use of Kramers-Kronig transformations, the refractive index along with the
extinction coefficient and real and imaginary parts of the dielectric function were ex-
tracted at a wavelength of 532 nm. A refined optical contrast method used to extract
the refractive index and extinction coefficient of a thin crystalline sample deposited
onto a semiconducting layer was also presented along with preliminary results for
these constants with bulk Bi-2212 crystals attached to carbon tape and aluminum.
Brillouin light scattering experiments were conducted at room temperature on
two samples of Bi-2212 at a wavelength of 532 nm. A surface mode, three bulk
modes and two currently unknown modes were observed and using relations between
acoustic mode frequency shifts, another estimate of the refractive index and extinction
coefficient for Bi-2212 was obtained and compared with those found by other methods
listed above. The refractive index along with collected peak frequency data was used
to calculate the bulk acoustic phonon velocities for phonons travelling 3◦ ∼ 21◦ from
the [001] direction.
The remainder of this thesis is organized in the following manner. Chapter two
presents the characterization and preparation of the three Bi-2212 samples used in this
work. Chapter three is dedicated to a reflectance study of Bi-2212, where collected
reflectance images are presented along with the analyses of these images and the
extracted optical constants by two separate methods. Chapter four is dedicated to
Brillouin light scattering, where collected spectra of multiple samples are shown and
are ultimately used to extract the optical constants and acoustic phonon velocities.
Chapter five provides some concluding remarks and suggests future work still left to
be done on this project.
Chapter 2
Bi-2212 Samples
The Bi-2212 samples used in this work have transition temperatures of 78 K, 90 K,
and 91 K and were obtained from Dr. Pat Clancy from McMaster University. Samples
with Tc=78 K were grown by the flux growth method, where each element used to
form Bi-2212 are dissolved in a solvent which is subject to extremely high temperature
allowing crystallization to occur over time [23]. The crystallization of Bi-2212 single
crystals are a result of such reactions when specific stoichiometric ratios of each metal
are combined, however the overall crystallinity of Bi-2212 samples with Tc = 78 K is
unknown. The two remaining Bi-2212 samples studied in this work are known to be
single crystal, however the sample growth method remains unknown. Moreover, each
Bi-2212 crystal studied is noted to be highly opaque.
Fig 2.1 presents an image of the parent Bi-2212 crystal with Tc = 78 K and
throughout this work is referenced as sample TC78. This crystal had dimensions
10× 3× 2 mm3 and both reflectance and Brillouin scattering experiments were con-
ducted on pieces of TC78 removed from the parent sample shown. From the figure,
it is clear that TC78 is highly irregular when compared to a typical layered Bi-2212
crystal. Its appearance is not planar as one would expect and due to this, any layers
exfoliated from the bulk were crumbly. The pieces removed from the parent crystal
for experimental purposes had approximate dimensions 1× 1× 0.5 mm3 and one sur-
face was exfoliated with adhesive tape in an attempt to make one surface as flat as
possible to maximize the quality of Brillouin and optical reflectance signals.
Fig 2.2 shows the parent Bi-2212 crystal with Tc=91 K, where its dimensions were
10 × 2 × 0.05 mm3. This sample is labelled as TC91 and exhibited highly planar
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Figure 2.1: Parent Bi-2212 sample
with Tc = 78 K.
Figure 2.2: Parent Bi-2212 sample
with Tc = 91 K.
structure by cleaving easily perpendicular to the [001] direction. In contrast to TC78,
these samples exfoliated well with adhesive tape and the result is a thinner, structured
crystal which were taken advantage of in reflectance experiments. Samples removed
from the parent crystal for experimental work had dimensions 10× 2× 0.02 mm3.
The Bi-2212 crystal with Tc=90 K is referred to as sample TC90. The parent
crystal looked almost identical to that shown in Fig 2.2, with a highly planar structure
and cleaved easily perpendicular to the [001] direction. The only notable difference
between TC90 and TC91 was the crystal size, with TC91 samples used in experiments
being 2× 1× 0.05 mm3.
Table 2.1: Bi-2212 sample properties and physical characteristics for the crystals used
in reflectance and Brillouin scattering experiments.
Sample Name Tc (K) Dimensions (mm3) Growth Method Crystallinity Layered
TC78 78 1× 1× 0.5 Flux Irregular No
TC91 91 10× 2× 0.02 Unknown Planar Yes
TC90 90 2× 1× 0.05 Unknown Planar Yes
Table 2.1 provides a summary of the key characteristics of each of the three samples
studied in this work, where the dimensions correspond to the size of samples used
in both reflectance and Brillouin scattering experiments obtained from the parent
samples described and shown above.
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Figure 2.3: Image showing the process to gauge planarity of Bi-2212 crystals. The c-
axis is indicated. (a) Sample orientation to obtain sample image (b) Resulting image,
where the distance between the bottom of the sample and top of the microscope slide
was measured across the length of the sample to observe any non-uniformity in sample
thickness.
The planarity of the samples studied is quite important as the overall flatness of
the probed surface can have an impact on the quality and signal of collected Brillouin
spectra and reflectance images. As discussed above, samples TC90 and TC91 are
layered, however it was unknown whether layers were stacked purely in the [001]
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direction or if the layering occurred at a slight angle. To test this, a small sample of
each of the two samples was mounted to the end of a microscope slide as shown in
Fig 2.3(a). Each sample was then imaged on two sides to check for thickness changes
over the length of the sample (see Fig 2.3(b)). The thickness deviation was ∼ 5% over
the entire length of each, indicating high uniformity for layer stacking. As mentioned,
TC78 crystals were highly irregular and did not easily exfoliate, but attempts were
made to remove any jagged or extruding pieces before mounting onto a stage prior to
experiments.
Chapter 3
Reflectance Imaging Methods &
Optical Constants of Bi-2212
3.1 Theory
3.1.1 Multilayer Interference & Optical Contrast
When a sample whose optical properties are to be determined is deposited onto a sub-
strate, one typically uses Fresnel’s multilayer interference relations to mathematically
describe this layered system [4]. A schematic of such a system is presented in Fig
3.1, where the sample and underlying substrate are separated by an oxide layer. Usu-
ally substrates used in these types of analyses are semiconductors and the surfaces of
these substrates will oxidize, so during the manufacturing process an oxide layer with
a precise thickness is added. In Fig 3.1, it is noted that light will reflect differently
due to a change in optical path length caused by reflection and transmission at each
of the boundaries for the air-oxide-substrate and air-sample-oxide-substrate systems.
The substrate is treated as a semi-infinite layer where no reflection will occur from its
bottom interface once light has transmitted inside. This is because the optical pene-
tration depth (OPD = λ/4piκ) for light with λ = 532 nm into crystalline silicon is on
the order of 1 µm and this is much less than the thickness of the silicon substrate.
Mathematically, the reflections between both the substrate and sample-substrate
systems can be described through Fresnel’s equations for multilayer interference. The
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Figure 3.1: Multilayer system for sample deposited on a susbstrate with an oxide
layer. ni - refractive index of the medium, θi - incident angle, di - thickness of the
sample or oxide layer and α, β,Ψ - refracted angle of each interface.
ratio of reflected and incident electric fields is known as the reflection coefficient and
for the air-substrate-oxide system is defined by [4]
rsubstrate =
r02 + r23e
−2iφ2
1 + r02r23e−2iφ2
. (3.1)
Likewise, the reflection coefficient for the air-sample-oxide-substrate system is [4]
rsample =
r01 + r01r12r23e
−2iφ2 + r12e−2iφ1 + r23e−2i(φ1+φ2)
1 + r12r23e−2iφ2 + r01r12e−2iφ1 + r01r23e−2i(φ1+φ2)
. (3.2)
Here, rij are the reflection coefficients for layers i and j and are defined by
rij =
n˜i − n˜j
n˜i + n˜j
, (3.3)
where n˜ is the complex refractive index n˜ = n+ iκ, with n and κ being the refractive
index and extinction coefficient, respectively. Furthermore, φi is the phase difference
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for the ith layer and is given by
φi =
2pin˜idi cos θ
′
i
λ
, (3.4)
where θ′i is the angle of refraction.
From the reflection coefficients, the reflectance for the substrate is given by
Rsubstrate = |rsubstrate|2, (3.5)
and similarly for the sample,
Rsample = |rsample|2. (3.6)
With the reflectance for both the substrate and sample, the optical contrast can
then be calculated. Optical contrast is a renormalization of the difference in contrast
between the sample and substrate with respect to the substrate. The optical contrast
is defined as
OC =
Rsubstrate −Rsample
Rsubstrate
. (3.7)
3.1.2 Kramers-Kronig Relations
The Kramers-Kronig (KK) relations are a set of mathematical functions which link the
real and imaginary components of a complex response function [8]. These relations
are used to determine the complex refractive index. Both n and κ are frequency
dependent and can be calculated via
n(ω) =
1−R(ω)
1 +R(ω)− 2√R(ω) cos Θ(ω) ,
κ(ω) =
2
√
R(ω) sin Θ(ω)
1 +R(ω)− 2√R(ω) cos Θ(ω) ,
(3.8)
where R(ω) and Θ(ω) are the reflectance and phase at a specific frequency. Both n
and κ are related through Θ(ω), which can be found by evaluating
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Θ(ω) =
ω
pi
∫ ∞
0
lnR(ω′)− lnR(ω)
ω2 − ω′2 dω
′. (3.9)
Although the KK relations only provide estimates, if one can determine Θ(ω), any
optical constants of interest can be estimated [1], such as the real (1) and imaginary
(2) components of the dielectric function
1(ω) = n(ω)
2 − κ(ω)2,
2(ω) = 2n(ω)κ(ω),
(3.10)
or the real component of the DC conductivity
Re(σ(ω)) =
4pi2(ω)
ω
. (3.11)
3.2 Experimental Setup
Typically, if one is interested in obtaining sample images on the micrometer level or
below, it is common to use characterizing tools such as scanning tunneling microscopy
(STM), atomic force microscopy (AFM), scanning electron microscopy (SEM) or
transmission electron microscopy (TEM). While these tools are undoubtedly pow-
erful, there are several hindrances which can make certain analyses quite difficult.
From a sample perspective, these methods can be largely destructive and typically
are unable to probe large sample areas efficiently, a necessary criteria for obtaining
layering in deposited samples.
Optical contrast microscopy (OCM) is a new method being used for thickness
characterization [4], however it has the potential for observing topographic informa-
tion and surface defects. Its highly simplistic nature when compared to other imaging
methods makes it a promising technique for future thin film studies. OCM is ex-
tremely quick and most importantly, a non-destructive method for obtaining sample
images with the ability of probing large surfaces.
Fig 3.2 presents a schematic of a typical OCM setup. A white light source is used
as the light source, which passes through a bandpass filter and then reaches a beam
splitter. From here, light is reflected 90◦ and passes through a lens which focuses
the light onto a sample deposited on a substrate. At this stage, light that is incident
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Figure 3.2: Schematic for an optical contrast microscopy setup where F - bandpass
filter, BS - beam splitter and L - lens.
on both the substrate and sample-substrate regions is back reflected, where it passes
back through the beamsplitter and is collected by a camera positioned directly above.
Geometry is highly important when performing OCM. By having the incident beam
impinge upon the sample at normal incidence, Eqns 3.1-3.2 become simplified by
removing any dependence on the incident angle in Eqn 3.4 as well as the polarization
of the incident beam.
Fig 3.3 shows the Leica DMLP reflecting microscope used to obtain reflectance
images on Bi-2212 crystals in this work. A 12 V power supply was used with an
output power ranging from 10 − 12 V to power a broadband Philips halogen lamp.
The light first passed through a 532 ± 10 nm bandpass filter, where the beam was
then reflected 90◦ to a set of objectives, which provided either 5x, 10x, 20x or 50x
magnification. The light was then focused onto the sample below by the objective,
which was back reflected and collected by a Lumenera Infinity 1 camera. The image
was then displayed on a computer screen using the Infinity 1 software.
The resulting image of the sample displays the intensity of reflected light for each
pixel through the red, green, and blue color channels. With the reflectance of both the
substrate and sample being the ratio of measured intensity with the total intensity,
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Figure 3.3: Leica DMLP reflection microscope.
Eqn 3.7 may be rewritten as
OC =
Isub − Isample
Isub
, (3.12)
where Isub and Isample refer to the intensity due to the substrate and sample bound-
aries, respectively.
3.3 The RGB Color Model
The color one sees is not a characteristic of a given material, rather how the brain
perceives the reflection, transmission or absorption of energy [29]. For this reason,
various color spaces have been created which allow for color to be analyzed for specific
digital processing purposes. The International Commission on Illumination (CIE)
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color space is one of the most widely used as it encompasses the RGB color model,
a model used in almost all technology using digital output and display screens. This
model works using the three primary colors, red (R), green (G), and blue (B) and
adjusting each of the three colors to output specifically desired colors.
Mathematically, one may determine each RGB value by first calculating each point
in the XYZ color space, [10, 42]
X(λ) =
∫ ∞
0
x¯(λ)P (λ)R(λ, θi)dλ,
Y (λ) =
∫ ∞
0
y¯(λ)P (λ)R(λ, θi)dλ,
Z(λ) =
∫ ∞
0
z¯(λ)P (λ)R(λ, θi)dλ,
(3.13)
where X, Y and Z correspond to the three tristimulus values and P (λ) is the spec-
tral power distribution, R(λ, θi) is the reflectance and x¯, y¯, z¯ are the color matching
functions. From here, RGB values are determined through the transformation [10]RG
B
 =
XY
Z
[Md]−1 , (3.14)
where [Md] is a device dependent transformation matrix. This matrix is constructed
by using the values corresponding to white light from the tristimulus values along
with the sets of coordinates from x¯, y¯ and z¯ which correspond to R, G, and B based
on the monitor used to display the image [10].
In the RGB color model, there is an associated 8 bit color channel for the colors
red, green and blue, yielding 256 (28) possible color channels. By considering each
R,G,B channel, a total of 16, 777, 216 (2563) possible color combinations exist. This
can be seen in the simplified example presented in Fig 3.4. For red, green, and blue,
the RGB matrix is (255, 0, 0), (0, 255, 0) and (0, 0, 255) for these colors, respectively,
whereas white and black are (0, 0, 0) and (255, 255, 255), respectively. Each of the
remaining color possibilities are then defined by different channel combinations for R,
G, and B and occur in the pink, yellow and turquoise regions.
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Figure 3.4: Simplified schematic describing how red, green blue mix to produce each
of the 16, 777, 216 possible color combinations in the RGB color model.
3.4 Reflectance Image Analysis
When working in the RGB color model, it is often useful and in some cases necessary
to choose one specific color channel to work in. The simple reason for this is that
every wavelength corresponds to a specific color and depending on the wavelength
used, much and or even all detail contained in an image will not be visible. This is
demonstrated in Fig 3.5, which shows a sample of single crystal Bi-2212 deposited onto
a carbon tape substrate. In Fig 3.5(a), the original raw image taken by the reflectance
microscope is shown. In this image much detail is visible, however it is somewhat dim
and is likely due to the bandpass filter being far from its maximum intensity, resulting
in a less intense image. Images in Fig 3.5(b) and Fig 3.5(d) correspond to the red
and blue channels respectively. In both cases, they are completely dark and show no
detail at all. Lastly, Fig 3.5(c) corresponds to the image in the green channel. This
image is very sharp, with detail of the samples topography as well as a clear boundary
between the sample and carbon tape substrate in the upper left hand corner.
3.4.1 Reflectance Rebinning Procedure
Using images obtained by reflection microscopy is a very useful tool in obtaining in-
formation on how radiation behaves at an interface. This method is by no means new,
however a new binning procedure for analyzing reflectance images of both bulk and
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Figure 3.5: Single crystal Bi-2212 deposited on a piece of double sided carbon tape
mounted to an aluminum SEM mount. (a) raw, original image obtained from re-
flectance microscopy at λ = 532 nm, (b) image in the blue channel, (c) image in the
green channel, (d) image in the red channel.
thin layered samples deposited on substrates is presented below. Not only does this
analysis provide a measure of reflection at a boundary, but also valuable information
on the surface topography of the sample.
To begin, the sample image of interest such as that shown in Fig 3.6(a), is first
imported into Python using the PIL package, where the image is scanned over to
store both the position and corresponding G channel value for each pixel. Once this
information is collected, the data is scanned through and the number of counts for
each channel number is gathered and used to produce the distribution seen in Fig
3.6(b), which shows the distribution for the raw data collected over the full color
channel range of 0− 255.
From the distribution shown in Fig 3.6(b), the G channel values are rebinned into
bin sizes of three, meaning bin 0 now contains channels 0− 2, bin 1 contains channels
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Figure 3.6: (a) Original raw image obtained via reflectance imaging where only the
G channel values are used to construct the image. (b) Raw distribution indicating
the number of counts in each G channel from image (a). (c) The distribution from
(b) which has been partitioned to bin sizes of 3 to create sharply defined boundaries
which will make layering and defects easier to see. (d) Relaying the rebinned data
over the original image and defining each bin a its own color scale for sharp contrast
between sample layers, substrates and topological defects.
3 − 5 and so on. By replotting the rebinned distribution of Fig 3.6(b), the result
is that shown in Fig 3.6(c). By performing this rebinning procedure, it has allowed
for the insertion of boundaries into an otherwise continuous distribution and with
these channel boundaries defined, allows for one to identify the boundary between
a sample and the underlying substrate, as well as areas of the sample with differing
thicknesses. From here, the pixel positions corresponding to their respective channel
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bins in Fig 3.6(c) were then assigned specific colors which are different from one
another to allow for easier visual distinction for topographic and thickness information,
with the resultant shown in Fig 3.6(d). In this image, the substrate was defined to be
a dark red which sharply contrasts each of the colors representing areas of differing
thickness across the sample. Furthermore, additional surface information was found
to be visible when compared to the original G channel image (a). The red areas over
the sample surface appeared to correspond to tape residue left over after exfoliating
the sample. Moreover, this remaining tape residue also would account for the multiple
shades of red seen over the substrate region.
3.5 Optical Constants of Bi-2212 Crystals via Re-
flectance Analysis
Using the collected reflectance images of Bi-2212, two separate methods were used
to extract estimates of both the refractive index and extinction coefficient. First,
Kramers-Kronig transformations were performed using extracted reflectance measure-
ments from these images to obtain the first estimate and a slightly refined optical
contrast method was used to obtain a second estimate. At the end of this section, op-
tical constants are tabulated and compared to those presented in previously published
literature.
Kramers-Kronig Results
In order to use the Kramer-Kronig relations, reflectance measurements were first per-
formed on samples TC90, TC91 and TC78. After the rebinning procedure described
in Chapter 4 was performed, the images in Fig 3.7 were obtained. For Fig 3.7(a), a
highly reflective broadband dielectric mirror (item number BB0511-E02) was placed
under the objective to measure the reflected light intensity since this provides an
accurate measure of the incident light intensity. From the image, the Gaussian distri-
bution of the beam is visible, and 171.90 was used as the maximum intensity of the
incident beam.
Fig 3.7(b)-(d) correspond to samples TC90, TC91 and TC78 respectively. TC90
had a relatively clean surface with clear distinction seen between the boundaries and
29
only minute surface contamination, while TC91 was seen to have a pristine surface
with two different layers visible and no surface defects. In the case of TC78, two
different layers were visible, however the surface was highly erratic, with multiple
cracks and divots present. Taking the ratio between the intensity of the reflected light
and the largest measured intensity for each sample, the reflectances of each sample
were found to be
RT90 =
I90K
Imirror
= 0.270,
RT91 =
I91K
Imirror
= 0.252,
RT78 =
I90K
Imirror
= 0.270.
(3.15)
With the reflectance known, Eqn 3.8 was then used to obtain the phase dependence
on both n and κ, which is shown in Fig 3.8. With such a large phase dependence
on both optical constants, the correct phase corresponding to the wavelength used in
this work (λ = 532 nm) was calculated using Eqn 3.9. With no information on the
reflection function R(ω′) in Eqn 3.9, it was constructed based on the full reflectance
spectrum collected previously [1]. The spectrum collected was characterized by three
distinct features, which are shown in Fig 3.9.
First, there is a sharp drop from 100% reflectance to a minimum over the range
0 ∼ 10, 400 cm−1. The function then slowly increases to ∼ 25, 000 cm−1, where a
small step occurs in the function where the reflectance remains relatively constant for
all frequencies beyond this point. Since each feature is a line segment, the equations
of each section are
R1(ω
′) = −7.58× 10−5x+ 0.915 x < A,
R2(ω
′) = 1.87× 10−6x+ 0.0585 A < x < B,
R3(ω
′) = 4.34× 10−7x+ 0.184 x > B.
(3.16)
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Figure 3.7: Rebinned reflectance images showing (a) the intensity of the incident light
and samples (b) TC90 (c) TC91 and (d) TC78.
From here, the following transformation on Eqn 3.9 was performed,
Θ(ω) =
ω
pi
∫ ∞
0
lnR(ω′)− lnR(ω)
ω2 − ω′2 dω
′ ⇒ ω
pi
ω′c∑
0
lnR(ω′)− lnR(ω)
ω2 − ω′2 ∆ω
′, (3.17)
where the cutoff frequency ω′c was chosen to be an arbitrarily large value (1.2 × 106
cm−1) such that ω′c >> ω
′ to allow for convergence. By using the boundary conditions
for R(ω′) shown in Eqn 3.16, Fig 3.10 was obtained, where convergence was found
to occur near 30,000 cm−1. Moreover, the two distinct features at 10, 000 cm−1 and
25,000 cm−1 correspond to the changes in slope seen in Fig 3.9, further indicating
Θ(ω) follows the reflectance function R(ω′) from Fig 3.10.
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Figure 3.8: Refractive index and extinction coefficient curves calculated using Eqn
3.8. Curves corresponding to TC78 and TC90 were found to nearly overlap.
For a wavelength of 532 nm (18, 800 cm−1), Θ was found to be 0.0356. This appears
to be a reliable estimate since R(ω′) showed relatively small change in reflectance past
boundary point A. Using the phase, n and κ were extracted from each of the three
curves from Fig 3.8, yielding for each sample
n˜TC78 = 3.16 + 0.160i,
n˜TC91 = 3.01 + 0.144i,
n˜TC90 = 3.15 + 0.160i.
(3.18)
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Figure 3.9: Reflectance function R(ω′) built from a collected reflectance spectrum
presented in the literature [1]. Multiple data points were extracted from the provided
reflectance spectrum and a linear fit each of the three main features labelled 1, 2 and
3 was performed, with their respective equations shown in Eqn 3.16.
Optical Contrast
As a preliminary test for the modified optical contrast method, TC91 was attached
to carbon tape which was then attached to an aluminum SEM mount, where the tape
plays the role of the oxide layer and the aluminum mount serves the purpose of the
underlying substrate (refer to Fig 3.1). Using SEM, the thickness of both the sample
and carbon tape was found to be 8.78 µm and 51.79 µm, respectively, as shown in Fig
3.11. Here it is noted that from the figure, the sample was not normal to the electron
beam and the thicknesses shown were likely an overestimation.
With the complex refractive indices of both carbon and aluminum being n˜ =
2.43 + 0i and n˜ = 0.939 + 6.42i, respectively [30, 33], the only unknown parameters
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Figure 3.10: Calculated phase curve using Eqn 3.9, with the cutoff of ωc = 1.2× 106
cm−1 to achieve convergence.
in Eqns 3.1-3.2 were the refractive index and extinction coefficient of Bi-2212. Being
the same sample as shown in Fig 3.6, OC was calculated using Eqn 3.12 to be 0.355
by using the reflectance values of the substrate as well as the thickest portion of the
sample, 35.85 and 48.57, respectively. Using Eqns 3.1-3.2, selections of n and κ were
then chosen where like solutions of OC obtained via reflectance imaging were searched
for. Beginning with n = 1.00, κ was iterated through with values 0.0001− 10 with a
stepsize of 1× 10−5. Once completed, n was increased by 0.01 and the procedure was
repeated until n = 7.00.
Initially, multiple solutions arose but as the tolerance was tightened to 0.01%,
only one solution was found to agree, which was when n˜ = 6.43 + 0.003i. With n
being extremely large and conversely κ very small, both solutions were found to be
unlikely. The most probable cause of error in this method was the sample setup itself.
With a penetration depth of ∼ 60 nm at the working wavelength of 532 nm [1], there
was little to no transmission once light entered the sample, since its thickness is 8.7
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Figure 3.11: SEM images used to determining thicknesses of (a) TC91 and (b) un-
derlying carbon tape. From (a), the measured thicknesses appear to be overestimates
since the measurements did not occur at normal incidence.
µm. Moreover, any light which had been transmitted through the sample likely was
not penetrating the underlying carbon tape to the alumnium mount below as it was
opaque and also very thick. It was likely that the overestimate of the thickness of
TC91 from SEM measurements also had an impact on the resulting refractive index
and extinction coefficient. This was briefly investigated, where the thickness was
decreased by 15% and resulted in n˜ = 5.08 + 007i.
In order to test the method properly, an adequate substrate with an oxide layer is
needed with a sample that is < 60 nm thick. For reason, the optical constants obtained
by optical contrast were not used in any remaining calculations in this thesis.
3.5.1 Results & Discussion
Table 3.1 presents the optical properties determined by reflectance and Kramers-
Kronig analysis in this work, along with those determined previously in the visible
light region. Firstly, it was noted that the measured reflectances for samples TC78,
TC90, and TC91 were close to one another, with the same reflectance measured for
both TC78 and TC90. Reflectance is both surface and thickness dependent, and
with TC78 samples not planar, this likely impacted measurements on this particular
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Table 3.1: Optical properties of Bi-2212 obtained from this work and previously pub-
lished literature for studies which were performed in the visible near-infrared region.
a, b, c subscripts correspond to measurements along the respective crystallographic
axes.
Tc λ R n κ 1 2 Re(σ)
[K] [nm] [Ωcm−1]
Reflectance + KK 78 532 0.270 3.2±0.6 0.160±0.03 9.6±4 1.0±0.4 -
(Present Work) 90 0.270 3.2±0.6 0.160±0.03 9.9±4 1.0±0.4 -
91 0.252 3.0±0.6 0.144±0.03 9.0±4 0.9±0.4 -
Reflectance + KK 86 532 0.106a - - 3.48a - 364
[21] 0.123b - - 4.14b - 364
Reflectance + KK - 532 0.118 - - 3.48 1.72 563
[1]
HAUP 90 488 - 1.89a 0.43a 3.40a 1.64a 560a
[13] 2.04b 0.39b 4.01b 1.58b 540b
2.09c 0.29c 4.27c 1.23c 420c
Reflectance + KK 90 855 - 5.80 - - - -
[19]
sample.
Using the determined refractive index and extinction coefficient for each sample,
the real and imaginary dielectric constants were calculated using Eqn 3.10. It was
noted that the associated uncertainties were relatively high for both n and κ (∼ 20%),
which is based on several experimental factors. Firstly, as shown in Chapter 2, it was
found that both TC90 and TC91 have ∼ 5% deviation in thickness over the length of
each sample, meaning there was not completely normal incidence. Secondly, the error
associated with the collected RGB values for each pixel by the camera and software
must be considered as well as the quality of each samples surface.
From Table 3.1, the refractive index was found to increase with increasing wave-
length, a promising observation since n is typically found to depend on λ monotoni-
cally over such a small spectral range. Comparing 2 values at 532 nm, results in this
work were found to be approximately three times larger than those obtained previ-
ously [1, 21]. Both sample quality and thickness impact the measured reflectance of
Bi-2212 and this was likely the cause of these discrepancies as well as the measured
36
reflectance in this work being almost twice that of previous measurements at this
wavelength.
Chapter 4
Brillouin Light Scattering on
Bi-2212
4.1 Theory
4.1.1 Phonons
To gain a full understanding of phonons and phonon behavior, one may first recall
a simple harmonic oscillating system. In quantum mechanics, a harmonic oscillator
will have energy
Em = ~ω(m+
1
2
), (4.1)
where ω is the angular frequency and m is the excitation state describing the vibration
of atoms in the lattice [39]. These vibrational states are defined as phonons and
describe the elastic behavior of atoms in the crystal lattice. Of these vibrational
states, each corresponds to a normal mode [39]. These modes can be explained using
the classical picture seen in Fig 4.1, where a chain of two distinguishable atoms of
masses M1 and M2 are aligned periodically one after the other and are attached by
springs with a spring constant K. By considering only nearest neighbor interactions,
Newtons second law may be written as
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Figure 4.1: Linear diatomic chain of two distinguishable atoms with mass M1 and
M2 respectively. Each mass is attached by a spring of length a with a uniform spring
constant K.
M1u¨1 = K(u
n
2 − un1 ) +K(un−1n − un1 ),
M2u¨2 = K(u
n+1
n − un2 ) +K(un1 − un2 ),
(4.2)
where each atom oscillates about the equilibrium position n. A plane wave solution
is assumed, given by
ui = Cie
ikna−iωt, (4.3)
where k is the wavenumber, ω is the angular frequency, t is time, and Ci is an arbitrary
constant associated with vibration of the ith atom. By substituting Eqn 4.3 into Eqn
4.2 and taking the derivative of the left hand side, one obtains
−M1ω2C1 = K(−2C1 + C2 + C2e−ika),
−M2ω2C2 = K(−2C2 + C1eika + C1).
(4.4)
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From here, a non-trivial solution emerges only when the determinant is zero [18],
yielding [
−M1ω2 + 2K −K(1 + e−ika)
−K(1 + eika) −M2ω2 + 2K
][
C1
C2
]
= 0. (4.5)
Solving for ω yields [25]
ω(k) =
√
K
(
(M1 +M2)±
√
M21 +M
2
2 + 2M1M2 cos(ka)
M1M2
) 1
2
, (4.6)
which has small k solutions given by [25]
ω(k) =
√
2K(M1 +M2)
M1M2
≡ ωo(k),
ω(k) = ka
√
K
2(M1 +M2)
≡ ωa(k).
(4.7)
These two solutions correspond to the optical and acoustic phonon branches which
are shown in the phonon dispersion curve in Fig 4.2. Optical phonons corresponds to
high energy excitations which occur from atoms in the unit cell vibrating out of phase
with respect to one another while acoustic phonons are low energy and exist due to
displacements of atoms vibrating in phase in the unit cell [25].
By extension of the above example, considering the same system of n atoms in
three dimensions yields 3n modes [18]. Of this total number, 3n−3 modes correspond
to optical phonons and the remaining 3 modes correspond to acoustic modes [18]. For
a typical crystalline material, the set of acoustic modes are comprised of two quasi-
transverse modes and one quasi-longitudinal mode.
4.1.2 Brillouin Light Scattering
Brillouin scattering is a form of inelastic light scattering used to investigate thermally
excited acoustic phonons. When a photon is incident on a material, both energy and
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Figure 4.2: Dispersion curve for the optical and acoustic phonons branches confined
to the first Brillouin zone from Eqn 4.7.
momentum are conserved and are described by
~ωs = ~ωi ± ~Ω,
~ki = ~ks ± ~q,
(4.8)
where ωi,s are the angular frequencies of the incident and scattered photon, respec-
tively, Ω is the angular frequency of the phonon in the material, q is the wavevector
of the phonon in the material and ki,s are the incident and scattered wavevectors of
the photon, respectively. Moreover, the angular frequency is given by
Ω = 2pif = vq, (4.9)
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where f and v are the phonon frequency and velocity of the phonon, respectively.
Since v << c, where c is the speed of light, it is assumed that |ki| ≈ |ks|.
From the conservation laws described in Eqn 4.8, a phonon will be either created
or annihilated in the bulk when a photon is incident on a material. When a phonon is
created, the scattered photon energy will be less than that of the incident photon and
conversely when a phonon is annihilated, the scattered photon energy will be greater.
These two processes are referred to as Stokes and Anti-Stokes scattering, respectively.
The interaction of photons with thermal phonons gives rise to surface ripple effects
or the elasto-optic mechanism. These are seen by phonons which propagate either
along the surface of the material or through the bulk, respectively, where a schematic
of both processes is shown in Fig 4.3. Referring to the diagram, the surrounding
medium is typically air or vaccuum which has a refractive index of 1. For this reason,
the refractive index of the sample medium is simply labelled n.
For phonons propagating through the bulk, q has both parallel and perpendicular
components where the magnitude of each is, respectively
q
‖
B = nki sin θ
′
i + nks sin θ
′
s,
q⊥B = nki cos θ
′
i + nks cos θ
′
s,
(4.10)
where θ′i and θ
′
s are the refracted internal angles corresponding to the incident and
scattering angles, respectively. The magnitude of qB is written as
qB =
√
(nki sin θ′i + nks sin θ′s)2 + (nki cos θ
′
i + nks cos θ
′
s)
2. (4.11)
By expanding out Eqn 4.11 and recalling ki ≈ ks, one obtains
qB = nki
√
2 + 2(sin θ′i sin θi + cos θ
′
i cos θi). (4.12)
Using the indentity sin θ′i sin θi + cos θ
′
i cos θi = cos (θ
′
i − θ′s) and the conservation of
energy in Eqn 4.8, Eqn 4.12 is reduced to
2pi(ωs − ωi) = fB = vBn
λi
√
2[1 + cos (θ′i − θ′s)]. (4.13)
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Figure 4.3: Schematic of the processes which occur when thermally excited phonons
are probed via Brillouin light scattering. Vectors k and q are the incident photon and
phonon wavevectors respectively, Ω is the angular frequency of a phonon, θ(θ′) is the
external(internal) angle and n is the refractive index. Furthermore i, s correspond to
incident and scattering and R,B refer to Rayleigh surface and bulk.
Lastly, by using the double angle identity sin θ
2
= ±
√
1−cos θ
2
, Eqn 4.13 becomes
fB =
2vBn
λi
sin
(θ
2
)
, (4.14)
where θ = pi− θ′i + θ′s. For 180◦ backscattering, θ = 180◦ which reduces sin θ2 to 1 and
the bulk phonon velocity becomes
vB =
fBλi
2n
. (4.15)
Phonons which propagate along the surface are called Rayleigh surface modes.
Surface phonon amplitude decreases exponentially with depth [34], resulting in the
vector q having only a parallel component, with its magnitude equal to
qR = ki sin θi + ks sin θs, (4.16)
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Figure 4.4: Schematic of a typical Brillouin spectrum for an opaque, crystalline mate-
rial. C is the elastic central line assigned a frequency shift of 0 GHz, with the Rayleigh
surface mode R, quasi-transverse bulk modes T1,2 and quasi-longiduinal bulk mode L
symmetric on either side. Peaks to the left and right of the central line correspond to
Stokes and Anti-Stokes scattering processes, respectively.
where θi and θs correspond to the external incident and scattering angles, respectively.
In the case of 180◦ backscattering geometry, ki is antiparallel to ks, resulting in θi = θs.
Using this and the fact that ki ≈ ks, Eqn 4.16 becomes
qR = 2ki sin θi. (4.17)
Using Eqn 4.9 and ki = 2pi/λi, the Rayleigh phonon velocity is given by
vR =
fRλi
2 sin θi
, (4.18)
where λi is the wavelength of the incident photon.
Fig 4.4, presents an example of a typical Brillouin spectrum expected from an
opaque material. The left and right sides of the elastic central line (C) are the Stokes
and Anti-Stokes peaks due to the quasi-longitudinal bulk (L), quasi-transverse bulk
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(T1, T2) and Rayleigh surface (R) modes, respectively. The central line is assigned a
frequency shift of 0 GHz and the frequency shift of each Brillouin peak is measured
with respect to it. The Rayleigh surface mode has the smallest frequency shift, which
is typically measured between 0 and a few tens of GHz from the central line. The
bulk transverse and longitudinal peaks occur outside of this range and can appear as
far as a few hundred GHz from the central line. With such small frequency shifts, a
tandem Fabry-Perot interferometer is used to make observing these modes possible.
A collected spectrum will consist of peaks corresponding to frequencies of phonon
modes which have a full width at half maximum (FWHM) defined as [37]
FWHM =
2f0κ
n
, (4.19)
where f0 is the frequency shift and is equal to
f0 = 2nkv, (4.20)
with v being the acoustic phonon velocity.
4.2 Optical System
Fig 4.5 shows the Brillouin light scattering setup with backscattering geometry used
in this work. A Nd:YVO4 laser was the light source used, with a wavelength of 532 nm
and an output power of 1.77 W. The beam first passes through the variable neutral
density filter V1 to be attenuated before passing through the half-wave plate (HWP)
which changes vertically polarized light to horizontally polarized. From here, the
beam reaches a beam splitter (BS) where a portion of the beam is reflected and the
remaining light is transmitted. The reflected portion passes through the aperture A,
where it is the reflected by mirror M2, attenuated further by variable neutral density
filter V3 and acts as a reference beam for the tandem Fabry-Perot interferometer
(FPI).
The transmitted portion of the beam reaches mirror M1 where it is reflected by 90
◦
and passes through two filters F1 and F2 before before further attenuation by variable
neutral density filter V2, where the beam has a power of 10 mW. Once attenuated,
the beam reaches the prism P where it is reflected by 90◦ and passes through camera
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Figure 4.5: Brillouin light scattering setup used where V - variable neutral density
filter, HWP - half-wave plate, BS - beam splitter, M - mirror, F - filter, P - prism and
L - lens.
lens L1, which has a focal length of 5 cm and an aperture of f/2.8. The beam then
strikes the sample mounted to a sample stage which rotates, allowing for the incident
angle to be set between 0◦ − 80◦. Light scattered from the sample is collected and
collimated by L1. The collimated beam then passes through the focusing lens L2 with
a focal length of 40 cm and is focused onto the pin hole entrance of the FPI. The
pinhole size was either 300 µm or 450 µm, the former used when the central elastic
peak width needed to be reduced to reveal Brillouin peaks at very small frequency
shifts.
The interferometer used in this work is a six-pass tandem Fabry-Perot interferom-
eter produced by JRS instruments. This interferometer is constructed of two Fabry-
Perot interferometers as shown Fig 4.6 each of which consists of two extremely flat
and reflective mirrors separated by a distance di where i = 1, 2. For a wavelength to
successfully transmit through a given Fabry-Perot interferometer, it must satisfy [32]
di =
mλ
2
, (4.21)
where m is an any integer.
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Figure 4.6: Optical setup for a six pass tandem Fabry-Perot interferometer, where
M - mirror, L - lens, A - aperture, FPI - Fabry-Perot interferometer, d - spacing of
Fabry-Perot interferometer and P - prism.
Once scattered light from the sample is collimated and passes through the pinhole
entrance in the Fabry-Perot interferometer, it is reflected 90◦ twice by mirrors M1
and M2, where it then passes through aperture A1 and reaches the first Fabry-Perot
interferometer (FPI1) at normal incidence. At this point, the wavelengths which
transmit through are only those with frequencies satisfying the conditional statement
[32]
fm =
mc
2di
. (4.22)
Light corresponding to these frequencies then passes through aperture A2 and are
reflected by mirror M3 to the second Fabry-Perot interferometer (FPI2) where as
before, light only with frequencies satisfying Eqn 4.22 passes through. Light passing
through FPI2 passes through aperture A3 and strikes the prism P1, where it is back
reflected and again passes through both FPI2 and FPI1 as well as apertures A3, A2 and
A1. Light reaches mirror M2 for a second time, where it is reflected 90
◦ back through
lens L1 and reaches mirror M4 where at this point, the light is reflected back through
lens L1 and the same process of passing through both FPI1 and FPI2 is repeated
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again. Once passing through FPI2 for a third time, the light enters aperture A3 and
is reflected several times by mirror M5, prism P2 and mirror M6. At this stage, the
light passes through aperture A4 and lens L2, which focuses the light onto the output
pinhole of the FPI and is then incident on a photomultiplier tube. This information
collected by the photomultiplier tube is converted to an electronic signal and is passed
to a computer which displays this information in the form of a spectrum showing the
intensity as a function of frequency.
The resolution of a tandem Fabry-Perot interferometer is controlled by adjusting
the separation spacing between each internal interferometer inside of the unit. This
spacing defines the free spectral range (FSR), which is the difference between two
consecutive maximum transmission frequencies [32, 40]
FSR = νm+1 − νm = c
2di
, (4.23)
where νi is the transmission frequency, c is the speed of light, and di is the mirror
spacing, where i = 1, 2.
Using the full width of the elastic peak, E , and FSR, the finesse is given by [32]
F =
FSR
E , (4.24)
which gives the resolution of the tandem Fabry-Perot interferometer [40]. Finesse is
highly influenced by the quality of mirrors used in each Fabry-Perot interferometer.
The reflectivity and surface of the mirrors play a key role in achieving a high finesse
as a low reflectance or surface defects on these mirrors results in a loss of signal.
In the setup just described, light entering the tandem Fabry-Perot interferometer
makes three passes through both Fabry-Perot interferometers, yielding a total of six
passes. With each pass, light is being further filtered allowing for a drastic increase in
contrast. This high contrast is necessary when probing acoustic phonons in Brillouin
light scattering experiments as signals measured are extremely weak.
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4.3 Results & Discussion
4.3.1 Brillouin Spectra
Figs 4.7−4.12 present the Brillouin spectra collected on samples TC78 and TC91.
Each set of spectra was collected with θi ranging between 10
◦ − 75◦ from the sam-
ples normal. In these spectra, six different modes were observed with corresponding
frequency shifts shown in Table 4.1 obtained via Lorentizian fitting. By comparing
observed acoustic modes with those from previous Brillouin studies [22], the smallest
shift is found to be the Rayleigh surface mode while the next two consecutive modes
are the two quasi-transverse bulk modes, each denoted as R, T1 and T2, respectively.
The observed quasi-longitudinal bulk mode is labeled as L which was determined
based on its characteristic broad shape and low intensity. The remaining two modes
were unknown and labeled as U1 and U2, respectively.
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Figure 4.7: Raw Brillouin spectra of TC78 at room temperature with an FSR of 30
GHz. R corresponds to the Rayleigh surface mode.
Fig 4.7 presents Brillouin spectra of sample TC78 collected with θi ranging from
30◦ − 70◦. Spectra were collected using the segmentation window which is a feature
used to spend 10 times longer scanning over a specific frequency range. Referring
to the figure, spectra were collected with the segmentation window ranging from
approximately 2− 7.5 GHz.
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4.3.1.2 TC78-2
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Figure 4.8: Raw Brillouin spectra of TC78 at room temperature with an FSR of 30
GHz. R, T1 and T2 correspond to the Rayleigh surface mode and two quasi-transverse
modes, respectively.
Fig 4.8 presents the spectra of sample TC78 collected with θi ranging from 10
◦ −
75◦. The Rayleigh surface mode was observed for θi > 40◦. Two quasi-transverse
modes were observed over the entire angular range probed and were found to have no
angular dependence.
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4.3.1.3 TC91-1
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Figure 4.9: Raw Brillouin spectra of TC91 collected at room temperature. R and T1
correspond to the Rayleigh and quasi-transverse modes, respectively.
Fig 4.9 presents the spectra of sample T91 collected with θi ranging from 50
◦−70◦
with an FSR of 30 GHz for spectra collected with θi < 70
◦ and an FSR of 20
GHz for θi = 70
◦. The Rayleigh surface and first quasi-transverse modes were again
observed, however compared to spectra collected on sample TC78, the quality of TC91
spectra is much lower. Moreover, the first quasi-transverse mode was again seen to
be independent of angle.
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4.3.1.4 TC78-3
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Figure 4.10: Raw Brillouin spectra of TC78 collected at room temperature. T2 and L
correspond to the second quasi-transverse and quasi-longitudinal bulk modes, respec-
tively.
Fig 4.10 presents the spectra of sample T78 collected with θi ranging from 10
◦−70◦
collected with a FSR of 75 GHz. Here, angular dependence was again found in
the second quasi-transverse mode and the observed quasi-longitudinal mode, which
appeared when θi = 30
◦ and θi = 40◦.
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4.3.1.5 TC78-4
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Figure 4.11: Raw Brillouin spectra of TC78 collected at room temperature. T1, T2 and
L correspond to the quasi-transverse and quasi-longitudinal bulk modes, respectively,
and U1, U2 correspond to two unknown modes.
Fig 4.11 presents the spectra of sample T78 collected with θi ranging from 10
◦−70◦
with a FSR of 150 GHz. As before, it was found that both quasi-transverse modes
are independent of angle as well as the quasi-longitudinal bulk mode, which has yet
to be observed using Brillouin scattering until now. Moreover, two additional modes
were also observed and were found to be independent of angle. One was seen at ∼ 30
GHz with a strong signal, while the other was seen at ∼ 95 GHz and was extremely
weak. These two modes are labelled as U1 and U2, respectively.
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4.3.1.6 TC78-5
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Figure 4.12: Raw Brillouin spectra of sample TC78 collected at room temperature. T2
and U2 correspond to the second quasi-transverse and an unknown mode, respectively.
Fig 4.12 presents the spectra of sample T78 collected with θi ranging from 10
◦−70◦
and an FSR of 150 GHz. Here, the the second unknown mode was investigated by
segmenting the region between approximately 80− 110 GHz. The observed frequency
shifts for U2 do not appear symmetric, however is expected due to the use of the
segmentation window. The average of both Stokes and Anti-Stokes frequency shifts
gives the actual frequency shift of the mode which is independent of angle as is the
observed quasi-transverse mode.
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4.3.2 Rayleigh Surface Velocity
By taking the average of both Stokes and Anti-Stokes Rayleigh frequency shifts for
each θi, the surface Brillouin equation derived in Eqn 4.18 was used to obtain the
Rayleigh surface velocity.
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Figure 4.13: The average frequency shift as a function of sin θi from TC78-1, TC78-2
and TC91-1. Horizontal error bars are the approximate width of data points.
Fig 4.13 presents the frequency shift of the Rayleigh surface mode and its depen-
dence on sin θi obtained from Table 4.2 for samples TC78 and TC91. Rayleigh surface
phonon velocities were obtained by fitting for Eqn 4.14 to the frequency shift verus
sin θi data points for samples TC91-1, TC78-1 and TC78-2.
Table 4.2 presents the Rayleigh surface velocities (vR) extracted from the slopes
of the lines of best fit for samples TC78 and TC91 shown in Fig 4.13 for unknown
directions of propagation on the (001) plane, along with surface velocities measured
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Table 4.2: Surface Rayleigh velocities for both present and previously completed
studies on Bi-2212 at room temperature using Brillouing light scattering. Any work
which is presented on different samples which possess the same Tc have been numbered
in brackets to avoid confusion.
Tc Orientation vR
[K] [m/s]
Present Work 91 (T91-1) ? 1350±90
78 (TC78-1) ? 1510±90
78 (TC78-2) ? 1630±90
[41] 70 (1) q || [100] on (001) 1570
q || [010] on (001) 1300
70 (2) q || [100] on (001) 1540
q || [010] on (001) 1290
88 q || [100] on (001) 1570
q || [010] on (001) 1320
[27] ? q || [001] on (110) 1525±150
[22] 78-92 q || [110] on (001) 1540±66
q || [100] on (001) 1540±66
q || [010] on (001) 1540±66
q || [100] on (010) 1396±97
q || [001] on (010) 1508±76
from previous Brillouin scattering studies. Rayleigh surface velocities obtained for
samples TC78-1 and TC78-2 in the present work were found to agree with one an-
other, however there was a difference of ∼ 8% between the two velocities. Moreover,
TC91-1 was not found to agree with either TC78-1 or TC78-2. The weak Rayleigh
peaks observed in collected spectra of TC91-1 were a likely contributing factor to
the signifcant difference in resulting Rayleigh surface velocities. Moreover, the un-
known directions of propagation are also another result for disagreement between the
TC78 and TC91 as well as the difference seen in TC78-1 and TC78-2. This is further
evidenced in the literature [22], where significant changes are seen in the Rayleigh
surface velocity when the propagation direction is varied between [100] and [010] over
the (001) plane. Furthermore, when comparing the Rayleigh surface velocity from the
literature when q || [010] on (001) [22, 41], no agreement was found. This could be
attributed to different crystal growth methods, sample impurities or overall sample
quality.
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4.3.3 Optical Constants of Bi-2212 Using Brillouin Spectra
With collected Brillouin spectra, one can use the Viktorov relation to obtain an es-
timate of the refractive index which can then be used to calculate the bulk acoustic
phonon velocities. The Viktorov relation is given by
vR =
0.87 + 1.12ξ
1 + ξ
fTλ
2n
, (4.25)
where fT is the transverse phonon velocity and ξ is the Poisson ratio, equal to 0.2
[36].
The Viktorov relation is an estimate used for isotropic media. While Bi-2212 is
not isotropic with the presence of the two doubly degenerate quasi-transverse modes,
the refractive index was calculated using the average frequency shift of each of the
two modes to create a range of n. With the refractive index obtained, this along
with the average full width at half maximum and average frequency shift of each
quasi-transverse mode was used in Eqn 4.19 to estimate the range of the extinction
coefficient.
Table 4.3 presents the extracted refractive indices and extinction coefficients de-
termined for each quasi-transverse mode, along with the average of both the frequency
shifts and full widths obtained by Lorentizan fits for samples TC78 and TC91, where
spectra from TC91-1 and TC78-2 were used, respectively. It is noted that before
obtaining FWHM, each full width has 0.280 GHz subtracted from it to account for
the instrumental linewidth. This linewidth was obtained by extracting the full width
at half maximum of the elastic central peak.
Table 4.3: The average frequency shift (f¯) and full width at half maximum (FWHM)
of quasi-transverse bulk modes extracted from collected Brillouin spectra. From each
average set, the refractive index and extinction coefficient was calculated and shown.
¯fT1 FWHMT1 nT1 κT1
¯fT2 FWHMT2 nT2 κT2
[±0.4GHz] [±0.5GHz] [±0.2] [±0.07] [±0.4GHz] [±0.4GHz] [±0.2] [±0.05]
TC78 14.2 3.6 2.1 0.27 21.5 3.0 3.2 0.22
TC91 14.8 2.8 2.6 0.25 - - - -
As stated above, to account for the degeneracy in the quasi-transverse modes, the
average of both n and κ from Table 4.3 is determined for TC78 and the uncertainty
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was obtained by extending out to the upper and lower bounds. With the absence of
fT2 for TC91, the same uncertainty obtained from TC78 is used. By doing so, the
refractive index and extinction coefficient were found to be
TC78 : n = 2.7± 0.6, κ = 0.25± 0.02,
TC91 : n = 2.6± 0.6, κ = 0.26± 0.02,
(4.26)
Using the refractive index and Eqn 3.10 for each sample, the dielectric constants were
calculated to be
TC78 : 1 = 7.2± 2, 2 = 1.4± 0.4,
TC91 : 1 = 6.7± 2, 2 = 1.4± 0.4.
(4.27)
Comparing these results with those obtained in this work from reflectance analysis
(refer to Table 3.1), agreement was seen between n, κ, 1 and 2. Moreover, agreement
was also found between 2 obtained from Brillouin spectra and the literature [1], for
both TC78 and TC91.
4.3.4 Bulk Acoustic Phonon Velocities
With the refractive index now obtained for Bi-2212, the bulk acoustic velocities were
calculated using Eqn 4.15 for both quasi-transverse (T1, T2), quasi-longitudinal (L)
and the two unknown modes (U1, U2).
Fig 4.14 presents the bulk acoustic velocities for samples TC91-1, TC78-2, TC78-4
and TC78-5, which were calculated using the refractive index extracted from collected
Brillouin spectra shown in Eqn 4.26. The velocities are shown as functions of the
phonon propagation direction, θ′, as measured away from the [001] direction, where
θ′ ranged between 4◦ ∼ 21◦ away from the [001] direction. From the figure, velocities
were found to be independent of θ′ and because of this, both unknown modes were
thought to be some type of bulk phenomena since they followed the same behaviour as
the quasi-transverse and quasi-longitudinal curves. Moreover, with respect to the first
quasi-transverse velocity (vT1), it was found to be abnormally low for both TC78 and
TC91, with vT1 for both samples on the same order as the Rayleigh surface velocity.
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Figure 4.14: Calculated bulk acoustic phonon velocities using the refractive index
extracted from collected Brillouin spectra for the quasi-transverse modes (T1,T2),
quasi-longitudinal mode (L) and two unknown modes which exhibit bulk-like behav-
ior (U1,U2). θ
′ corresponds to measured internal angles away from the [001] direction,
which have an uncertainty ranging from 0.5◦ ∼ 4.9◦ over the probed angular range.
Fig 4.15 presents the bulk acoustic velocities for samples TC91-1, TC78-2, TC78-4
and TC78-5, where the refractive index obtained by reflectance analysis and Kramers-
Kronig transformations was used along with Eqn 4.26. Compared to Fig 4.14, a
smaller internal angular range was probed and slight differences in the velocity curves
were observed. Velocities shown in both Figs 4.14-4.15 were found to be independent of
θ′, the average of each velocity was calculated and used to estimate the bulk velocities
for q ∼ || [001]. These estimates are tabulated in Table 4.4 and include the bulk
velocities obtained by previous Brillouin light scattering and ultrasonics studies.
From the Table, it was found that velocities were found to agree with one another,
however with n having such a large uncertainty, this was propagated through the
velocity calculations resulting in uncertainties of ∼ 20%. Comparatively, included
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Figure 4.15: Calculated bulk acoustic phonon velocities using the refractive index
obtained from reflectance analysis and Kramers-Kronig transformations for the quasi-
transverse modes (T1,T2), quasi-longitudinal mode (L) and two unknown modes which
exhibit bulk-like behavior (U1,U2). θ
′ corresponds to measured internal angles away
from the [001] direction, which have an uncertainty ranging from 0.9◦ ∼ 4.7◦ over the
probed angular range.
uncertainties from previous work were significantly lower than those seen in present
work. For quasi-longitudinal velocities (vL) presented by previous Brillouin scatter-
ing studies [22, 27], these velocities were calculated using the assumption that the
observed refractive index independent surface longitudinal resonance mode (vLR) in
both studies was approximately equal to vL. By assuming this, one is inferring that
these velocities being measured both parallel perpendicular to the samples surface,
respectively, are approximately equal, however this may not be a valid assumption.
In contrast, velocities obtained by ultrasonic techniques [3, 5, 15, 16, 44, 45, 46] also
do not require knowledge of the refractive index.
When focused on the velocities in the [001] direction, the first quasi-transverse
velocity (vT1) obtained by ultrasonic techniques [5] was found to be in agreement with
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Table 4.4: Bulk acoustic phonon velocities collected room temperature for both
present work and previously completed studies for Bi-2212. For present work, it is
noted in the left-most column which refractive index was used in calculating respec-
tive velocities. BLS - Brillouin light scattering, KK - Kramers-Kronig transformations
and U - ultrasonics.
Tc Orientation vT1 vT2 vL
[K] [m/s] [m/s] [m/s]
Present Work
BLS
nBLS 78 q ∼ || [001] 1400±280 2200±400 5100±1020
91 q ∼ || [001] 1500±300 - -
nKK 78 q ∼ || [001] 1180±240 1840±370 4220±820
91 q ∼ || [001] 1310±260 - -
BLS [22] 78-92 q || [110] on (001) - - 4386±184
78-92 q || [001] on (010) - - 3413±212
78-92 q || [100] on (010) - - 4380±194
BLS [27] ? ? - - 4650±300
U [3] ? ? 1710±9 - 2464±7
? ? 1968±10 - 3330±10
U [44] 74 ? 1735 - 2846
U [15, 16] 84 [100] - - 4320
[010] - 2762 4097
[110] - - 4647
U [45, 46] 84.5 [100] - - 4580
[010] - - 4130
[010] - 2460 -
U [5] ? [001] 1750±10 - 2670±10
? 1740±10 2460±10 4370±10
45◦ from (110) 2150±10 - 3430±10
vT1 calculated using nBLS in the present work. Moreover, ultrasonic measurements of
vL [5] in the [001] direction was not found to agree with either present work or that
obtained by vLR assumptions [22], while the velocity obtained by this assumption
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agreed with vL calculated using nKK .
Comparing the remaining velocities with those obtained in the present work, it
was determined that velocities were found to be highly variant. This was attributed
to sample differences between each study, where sample quality and the presence of
impurities can greatly affect measurements. There was also a lack of sample and
crystallographic information presented in previous work. The exact Tc of studied
samples was missing in some work [3, 5, 22, 27] as well as a direction [3, 5, 27, 44].
Chapter 5
Conclusion
5.1 Concluding Remarks
The optical properties were determined by experimental analyses on three bulk Bi-
2212 crystals, each with a Tc of 78 K, 90 K and 91 K, each labelled TC78, TC90 and
TC91, respectively. Reflectance imaging of each crystal was first performed and using
these images along with the Kramers-Kronig transformations, the first estimate of the
complex refractive index was determined to be n˜ = 3.2+0.16i for TC78 and TC90, and
n˜ = 3.0 + 0.14i for TC91. The reflectance images were also used alongside a modified
optical contrast method to obtain a secondary estimate via reflectance analysis. This
method was not pursued further, however, as the mathematical model used did not
appear to describe the sample-substrate system imaged. The complex refractive index
of each sample was then used to calculate the complex dielectric function, which was
found to be ˜ = 9.6 + 1.0i for TC78 and TC90, and ˜ = 9.0 + 0.9i for TC91. It was
determined that the real part of the dielectric function was almost three times that
of previously recorded values, while the imaginary part was in agreement.
Brillouin light scattering experiments were performed on samples TC78 and TC91
at room temperature. From collected spectra, a total of six acoustic modes were
observed; the Rayleigh surface mode, two quasi-transverse bulk modes, and the quasi-
longitudinal bulk mode. Two unknown modes were also observed in the spectra
collected on TC78. While probed from 3◦ ∼ 21◦ from the [001] direction, the three
bulk mode velocities were found to be independent of the angle, as were the unknown
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modes, suggesting some type of bulk phenomena. The Rayleigh surface velocity for
was found to be 1630 ± 90 m/s and 1350 ± 90 m/s for samples TC78 and TC91,
respectively, in an unknown direction on the (001) plane.
Using the Rayleigh surface velocities as well as the frequency shifts and line-widths,
a second estimate of the complex refractive index for each sample was extracted using
collected Brillouin spectra, giving n˜ = 2.7 + 0.25i and n˜ = 2.6 + 0.26i for TC78 and
TC91, respectively. These were again used to estimate the complex dielectric function,
found to be ˜ = 7.2 + 1.3i and ˜ = 6.7 + 1.4i, respectively.
The estimates for the refractive index obtained by both Brillouin peak relations
and from reflectance and Kramers-Kronig analysis were then used to calculate the bulk
acoustic velocities for the three bulk modes and two unknown bulk-like modes. Bulk
velocities were found to range between (1180− 1400)± 270 m/s, (1840− 2200)± 290
m/s and (4220− 5100)± 920 m/s for the two quasi-transverse and quasi-longitudinal
modes, respectively, for TC78 while the first quasi-transverse mode was found be
(1310 − 1500) ± 280 m/s for TC91. These velocities appeared in the range of those
obtained by previous Brillouin scattering and ultrasonic studies, however many pub-
lished works omitted crystallographic and sample information, making comparison
difficult. Moreover, the velocities of the two unknown bulk-like modes in TC78 were
found to be (3270− 4070)± 580 m/s and (7940− 9590)± 1720 m/s.
In order to make better conclusions on the bulk phonon velocities using Brillouin
scattering, the error in the refractive index must be reduced. This may be done by
collecting a large volume of spectra over multiple directions and obtaining an average
of the extracted refractive index. Bi-2212 samples of differing doping may also be
studied, where one may be able to map how the quasi-transverse modes degenerate.
5.2 Future Work
There are many additional directions to go in for extending this work. Firstly, the
degeneracy in the acoustic quasi-transverse modes may be investigated in order to
obtain a better estimate of the refractive index and in turn, the acoustic phonon
velocities. Moreover, performing optical contrast on appropriately deposited Bi-2212
crystals may also help to obtain better estimates of the still disputed optical constants.
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The nature of the two bulk-like unknown modes is another path which may be
investigated. The first thing one may do is polarize the light to determine whether
the peaks are due to transverse or longitudinal modes. Furthermore, Bi-2212 is very
complex, and the nature of these modes could be due to some other phenomenon such
as plasmons, which were not in the scope of this particular study.
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Appendix A
Preliminary Brillouin Spectra
A.1 Bi-2212 Anisotropy
Additional crystallographic information was attempted to be obtained. By holding
θi constant at 50
◦ and rotating sample TC78 with respect to its azimuthal angle θz,
the expected periodicity in resulting frequency shifts can allow for one to extract
information on the (100), (010) and (001) planes.
Fig A.1(a) presents the spectra collected for rotating the azimuthal angle 0◦−120◦
with respect to the arbitrarily chosen starting angle. From the figure, it was hard to
discern small changes in resulting frequency shifts since the resolution was so poor.
Moreover, during collection, the sample had fallen off the sample mount. Once this
happened, it was remounted and collection ensued with θz ranging from 0
◦−70◦ with
respect to a newly chosen arbitrary starting angle.
Fig A.1(b) presents the second set of spectra collected with θz ranging from 0
◦−70◦,
with extracted frequency shifts via Lorentzian fitting from both figures shown in Table
A.1. To gain a better understanding of the periodicity, one should collect data over
an angular range of at least 180◦, however with alignment issues and long collection
times, this was not doable within the limited time frame.
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Figure A.1: Raw Brillouin spectra of sample TC78 at room temperature with θi held
constant at 50◦ and θz varied from (a) 0◦ − 120◦ with a FSR of 80 GHz and (b)
0◦ − 70◦ with an FSR of 30 GHz.
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Using frequency shifts in Table A.1, Fig A.2 presents the second quasi-transverse
modes from (b) as a function of θz. With a small angular range obtained, no pla-
nar information was able to be obtained, however this analysis further proved the
anistropic nature of sample TC78, as periodicity was found along with agreement in
a sinusoidal fit.
Figure A.2: Extracted quasi-transverse frequency shifts from Fig A.1(b) as a func-
tion of the azimuthal angle, θz. Periodic nature was observed, however more data is
required for further analysis on determining additional information on the crystallo-
graphic planes.
Appendix B
Reflectance and Optical Contrast
Scripts
B.1 Reflectance Image Rebinning
Below is the script written to analyze collected reflectance images via the rebinning
routine described in Chapter 3.
from __future__ import division
from PIL import Image
import numpy as np
import matplotlib.pyplot as plt
#Import reflectance image and initializing image size
imgload = Image.open(’semmountbscco-10x_532_V12_2.jpg’)
pix = imgload.load()
x,y = imgload.size
img=np.zeros((x,y))
#Creating bins for each of the 255 channels
binnum=np.zeros((255))
imgsize=x*y
76
binned_xy_coords=[]
bin_collect=[]
#Determining number of counts in each channel by scanning each pixel site
for r in xrange(255):
for j in xrange(y):
for i in xrange(x):
img[i][j]=pix[i,j][1]
if r==pix[i,j][1]:
binnum[r]=binnum[r]+1
bin_collect.append((i,j))
binned_xy_coords.append(bin_collect)
bin_collect=[]
dat=[]
#Plotting channel distribution
histdat=np.zeros((255,2))
for i in xrange(255):
histdat[i]=[i,binnum[i]]
dat.append((i,binnum[i]))
plt.xlim(0,150)
plt.bar(histdat[:,0],histdat[:,1])
data=[]
#Storing the positions according to each channel
for k in xrange(len(binnum)):
for l in xrange(len(binned_xy_coords[k])):
data.append((k,binned_xy_coords[k][l][0],binned_xy_coords[k][l][1]))
np.savetxt(’SampleImg_0255hist.dat’,dat)
np.savetxt(’SampleImg_xycoords.dat’,data,fmt=’%.5e’)
#Import positions corresponding to channel value
dat=np.genfromtxt(’SampleImg_xycoords.dat’,delimiter=’ ’,skip_header=0)
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binorigin = dat[:,0]
x_position = dat[:,1]
y_position = dat[:,2]
#Initialize new array for new partitioned bin
newbin=np.zeros((len(binorigin),1,3))
partition=3 # new bin partitions
maxsize=254/partition+1
index=0
binarray=np.zeros((255,2))
for a in range(0,255):
count=a%partition
binarray[a]=index,a
if count==partition-1:
index+=1
dat=[]
counts=0
#Rebinning the 255 channels into bins of 3
for a in range(0,255):
for b in range(0,len(binorigin)):
if binorigin[b]==a:
dat.append(( a,binarray[a][0],x_position[b],y_position[b] ))
np.savetxt(’SampleImg_xycoords_rebin.dat’,dat,fmt=’%.5e’)
dat = np.genfromtxt(’SampleImg_xycoords_rebin.dat’, delimiter=’ ’,skip_header=0)
binorigin = dat[:,0]
newbin = dat[:,1]
x_position = dat[:,2]
y_position = dat[:,3]
storingbin=np.zeros((len(binorigin),2))
data=[]
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for a in range(0,51):
for b in range(0,len(newbin)):
storingbin[a][1]=a
if a==newbin[b]:
storingbin[a][0]+=1
data.append((storingbin[a][0],storingbin[a][1]))
red=0
redcount=0
green=0
greencount=0
white=0
whitecount=0
blue=0
bluecount=0
#Define each rebinned bin with a new color
for i in range(0,len(newbin)):
if newbin[i]<7:
pix[x_position[i],y_position[i]]=(255,255,255,255)
white+=binorigin[i]
whitecount+=1
if newbin[i]==9 or newbin[i]==10:
pix[x_position[i],y_position[i]]=(100,0,0,255)
red+=binorigin[i]
redcount+=1
if newbin[i]==8:
pix[x_position[i],y_position[i]]=(0,100,0,255)
green+=binorigin[i]
greencount+=1
if newbin[i]==7:
pix[x_position[i],y_position[i]]=(0,0,150,255)
blue+=binorigin[i]
bluecount+=1
if newbin[i]<=22:
pix[x_position[i],y_position[i]]=(255,0,0,255)
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if newbin[i]==34:
pix[x_position[i],y_position[i]]=(0,0,150,255)
red+=binorigin[i]
redcount+=1
if newbin[i]==33:
pix[x_position[i],y_position[i]]=(0,0,255,255)
red+=binorigin[i]
redcount+=1
if newbin[i]==32:
pix[x_position[i],y_position[i]]=(0,0,100,255)
red+=binorigin[i]
redcount+=1
if newbin[i]==31:
pix[x_position[i],y_position[i]]=(0,255,0,255)
green+=binorigin[i]
greencount+=1
if newbin[i]==30:
pix[x_position[i],y_position[i]]=(0,255,0,255)
green+=binorigin[i]
greencount+=1
if newbin[i]==29:
pix[x_position[i],y_position[i]]=(0,255,0,255)
green+=binorigin[i]
greencount+=1
imgload.show()
imgload.save("Sampleimage_rebinned.jpg")
B.2 Optical Contrast
Below is the modified optical contrast script written to extract the refractive index and
extinction coefficient.
from __future__ import division
import numpy as np
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import math
import cmath
OC_calc=0
lamb=532e-9 #Wavelength [m]
#complex refractive index of air
n0=1.000274+0j
#complex refractive index of carbon tape
n2=2.42+0j
#complex refractive index of aluminum sample holder
n3=2.6913+1.4557*1j
#measured thickness of Bi-2212
d1=8.782e-6
#measured thickness of carbon tape
d2=51.79e-6
#defining reflection coefficients and second phase
r02=(n0-n2) / (n0+n2)
r23=(n2-n3) / (n2+n3)
phi2=(2*math.pi*n2*d2)/(lamb)
r0=( r02 + r23*cmath.exp(-2*1j*phi2) ) / ( 1 + r02*r23*cmath.exp(-2*1j*phi2) )
#number of iterations for extinction coefficient
k=np.empty([125000])
N=[]
#OC value obtained from experimentally
SEM_OC=0.328312412831
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#initialzing tolerance for accepted OC values
uncertainty=SEM_OC*1e-4
SEM_OC_upper=SEM_OC+uncertainty
SEM_OC_lower=SEM_OC-uncertainty
for i in range(len(k)):
if(i==0):
k[0]=1e-4
else:
k[i]=k[i-1]+7e-6
for n in np.arange(1,6,0.01):
for i in range(len(k)):
n1=n+1j*k[i]
r01=(n0-n1) / (n0+n1)
r12=(n1-n2) / (n1+n2)
phi1=(2*math.pi*n1*d1)/(lamb)
#catching any division by zero or overflow errors
try:
r=( r01 + r01*r12*r23*cmath.exp(-2*1j*phi2) + r12*cmath.exp(-2*1j*phi1) + r23*cmath.exp(-2*1j*(phi1+phi2)) ) / (1 + r12*r23*cmath.exp(-2*1j*phi2) + r01*r12*cmath.exp(-2*1j*phi1) + r01*r23*cmath.exp(-2*1j*(phi1+phi2)) )
R0=abs(r0**2)
R=abs(r**2)
C=(R0-R)/R0
except OverflowError:
C=0
if(abs(C) < abs(SEM_OC_upper) and abs(C) > abs(SEM_OC_lower)):
N.append((n,k[i],FreqRatio))
print n,k[i], C
np.savetxt(’SEMmountBSCCO-532-nk-OC.dat’,N)
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B.3 Kramers-Kronig Phase Calculation
Below is the script written to evaluate the integral transformation shown in Eqn 3.17 using
the boundary conditions provided in Eqn 3.16.
from __future__ import division
from scipy import integrate
import math
import numpy as np
import time
start_time = time.time()
x1=10864.28; x2=24599.91; omegafixed=18796
def R1(omega):
return 0.61144*omega+.91563
def R2(omega):
return .015086*omega+0.085441
def R3(omega):
return 0.0035039*omega+0.18498
def R(omega):
if omega < x1:
return R1(omega)
if omega > x1 and omega < x2:
return R2(omega)
if omega > x2:
return R3(omega)
def integrand(omega, omegaprime):
return ( np.log(R(omegaprime))-np.log(R(omega)) )/(omega**2 - omegaprime**2)
wpmin=0
wpmax=25000
wgrid=1
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wpstep=(wpmax-wpmin)/wgrid
data=[]
sum=0
w=18796.99248
for x in np.arange(wpmin,wpmax,wpstep):
sum+=wpstep*integrand(w,x)
data.append((w,(w/math.pi)*sum ))
print (w/math.pi)*sum
np.savetxt(’thetaconverge.dat’,data)
